The kinetics of the reaction between gas phase BrO and HO2 radicals (1) have been studied over the atmospherically relevant temperature range T = 246 -314 K and at ambient pressure, p = 760 ± 20 Torr, using laser flash photolysis coupled with ultraviolet absorption spectroscopy.
Introduction
Background Contrary to its halogen counterpart, chlorine, bromine plays a significant role in affecting global ozone abundances across the vertical atmospheric regions of the troposphere and the stratosphere. 1 The enhanced role of atomic bromine compared to chlorine in the lower atmosphere, the troposphere, is particularly significant, and arises principally from the relatively short lifetimes and efficient photochemical degradation of brominated source gases compared to their chlorinated analogues. This is a direct result of the significant visible spectrum absorption cross-sections of brominated species. 2 The sources of atmospheric bromine are partially anthropogenic (typically halons and methyl bromide) 3 but also comprise a significant biogenic component (typically bromoalkanes) 4 . These latter sources are principally oceanic in origin. 5 Bromine may also be liberated from volcanic processes, which can affect local atmospheric acidity, ozone levels and trace gas constituents. 6, 7, 8 Reactive atmospheric bromine sources also find provenance from heterogeneous processes, such as 'bromine explosion' events observed typically in polar tropospheric regions as a result of the condensed phase oxidation, liberation and subsequent photolysis of gaseous Br2 from aerosols. 9 Such events, comprising both heterogeneous and subsequently homogeneous gas phase chemical and photolytic processes, can lead to the episodic depletion of tropospheric ozone, 10 , 11 which have consequent effects on solar UV irradiance but principally on the oxidative capacity of the air. This affects local pollutants but also global species which may act as greenhouse gases, such as methane.
Further, bromine is also implicated in the oxidation and reactivity of atmospheric mercury. 12 This has implications for the conversion of gaseous elemental mercury, GEM, into reactive gaseous mercury RGM, which is not only a neurotoxic pollutant, but also acts as an indicator of the extent of mercury pollution in the atmosphere, itself a marker for general anthropogenic pollution. Despite its lower atmospheric abundance than chlorine, bromine also plays a considerable role in the stratosphere, both as a direct ozone depleting substance, but also as an indicator, through coupled brominechlorine chemistry, of the extent of chlorine activation and therefore ozone loss. 13, 14 The effects of bromine on atmospheric composition are therefore manifold and result from significant anthropogenic and natural factors, with considerable environmental implications. Understanding bromine chemistry in the atmosphere is consequently of importance. Key reactions involve those of BrO radicals with themselves but also with other trace species, notably peroxy radicals, the understanding of which is the principal objective of this study.
BrO radicals
Photolytic release of bromine atoms from source gases in the atmosphere is typically followed by the formation of bromine oxide radicals, BrO through the reaction of Br with ozone:
Subsequent reactions of BrO to regenerate Br therefore lead to catalytic ozone loss.
One such process is the self-reaction of BrO:
BrO + BrO → Br + Br + O2 (3a)
This reaction has been extensively studied in the laboratory, as discussed below, and has been directly implicated in episodic ozone depletion events in the polar marine boundary layer, as indicated above.
Bromine oxide radicals may however also interact with other radical families, notably the odd-hydrogen species OH and HO2 (HOx). One such process involving reaction (1) provides a further route to potential loss of atmospheric ozone, through the formation 17 , who showed that the extent of upper troposphere odd-oxygen loss is actually dominated by the reaction between BrO and HO2 radicals below altitudes of ca. 15 km.
On account of this importance of bromine oxide -odd hydrogen coupling, several laboratory studies of the BrO + HO2 reaction have been reported. However, whilst the ambient temperature kinetics of this reaction show some consensus, the temperature dependence of this reaction, as discussed below, is less well-characterised, by a factor of nearly 25% (the JPL -NASA uncertainty factor 2 for k1 is 1.235 at T = 246 K), examination of which was the principal goal of the present study.
Previous Studies of the BrO + HO2 reaction
Several previous studies on the kinetics of the BrO + HO2 reaction have been reported using a variety of techniques including photolytical/spectroscopy and discharge-flow tube/mass spectrometry methods, which are summarised here. The initial study was reported by Cox and Sheppard, applying molecular-modulation UV absorption spectroscopy technique to a Br2/O3/H2/O2 photolysis system at T = 303 K and p = 1 atm. 18 Poulet et al. used discharge flow with mass spectrometry to measure k1 under conditions of excess HO2 at T = 298K and p = 1 Torr. BrO and HO2 were generated in this study via the microwave produced O( 3 P) + Br2 and Cl + CH3OH/O2 reactions respectively. 19 k1 via the discharge flow mass spectrometric method over the temperature range T = 233 -344 K with an excess of HO2 over BrO. 21 Elrod et al. studied k1 in a turbulent discharge flow system at a total pressure of p = 130 mbar at T = 298 -210 K using detection, following titration of radicals, by chemical ionisation mass spectrometry. 22 As with previous discharge flow studies, k1 was determined by monitoring the BrO 24 Bedjanian et al. studied k1 using discharge flow between T = 230 and 360 K and at a total pressure of p = 1 Torr of helium. 25 26 studied k1 at T = 298 K and p = 760 Torr using the technique of flash photolysis/time resolved UV absorption spectroscopy. BrO and HO2 radicals were generated via the Br + O3 and Cl + CH3OH/O2 methods respectively at T = 298 K and p = 760 Torr of O2.
Evidently, both photolytic techniques employing spectroscopy, or flow tube techniques employing mass spectrometry have contributed considerably to the database for k1.
These techniques do however occupy different chemical and physical regimes, which is discussed further below. A summary of the reported kinetics for reaction (1) is given in Table 1 . There remains considerable discrepancy in the reported rate coefficient of reaction (1) under low temperature atmospheric conditions.
Aside from the overall kinetics of reaction (1), the potential branching between channels (1a) and (1b) has also been investigated previously. Neither Bedjanian et al. 25 or Larichev et al. 21 detected any evidence for ozone formation via channel (1b), therefore reporting branching ratios of < 0.015 and < 0.004 from this channel respectively, based upon detection limits. This is supported by theory, from, for example, Guha and Francisco 27 and Kaltsoyannis and Rowley 28 . Both of these studies show that reaction (1) proceeds along a triplet potential energy surface, with a near zero temperature dependence overall, but with a significant barrier to the HBr + O3 (ca 90 kJ mol -1 ) product channel (1b).
Experimental

Principles of the experiment
The BrO + HO2 reaction was studied in a manner analogous to those of our recent studies of the ClO + HO2 and the ClO + CH3O2 reactions, which also provide a summary of the apparatus. 29, 30 Briefly, initial laser photolytic generation of in this case the bromine oxide radical was accompanied by intervening experiments, with the introduction of hydroperoxy radical precursors, namely chlorine and methanol in the presence of oxygen. Rapid formation of hydroperoxy radicals simultaneous with that of BrO was therefore achieved, and [HO2]0 was quantified by the depletion in initial
[BrO]0. The temporal traces of BrO decay, obtained unequivocally through broadband ultraviolet absorption spectroscopy employing charge coupled device (CCD) detection, showed sensitivity to the kinetics of reaction (1) which were modelled and fitted to determine k1. The principal reactions are discussed below. Full reaction schemes for the modelling and analysis of the generation and subsequent chemistry of BrO radicals and BrO with HO2 radicals are given in Tables 2 and 3 .
Radical generation
Precursor gases were delivered through Teflon tubing linked to a Pyrex mixing line where they were mixed and diluted in an O2 or synthetic air (BOC, > 99.98%) carrier gas flow. These were passed to a reaction vessel for laser photolysis and ultraviolet absorption spectroscopy. The flow rates of the non-corrosive N2 and O2 gases were set using calibrated mass flow controllers (MKS), whereas the Cl2 (BOC, 5% by volume in nitrogen, >99% purity) was controlled by a Teflon needle valve with the flow measured by a calibrated glass ball meter. Both bromine and methanol vapours were supplied to the mixing line by passing flow controlled nitrogen through different lines to two separate Pyrex bubblers containing either bromine (Acros, 99.8%) or methanol (Sigma Aldrich, 99.9%) held at T = 0 °C in an ice bath in Dewar vessels. Bromine concentrations were determined spectroscopically via UV absorption experiments with Br2 absent/present in the reactor. Absorbances were fit to the JPL NASA recommended absorption cross-sections 2 using the Beer-Lambert law and good agreement was found between measured concentrations and those expected from the corresponding vapour pressure and flow rates of bromine at the bubbler temperature. Methanol concentrations were similarly calculated from flow rates and vapour pressure. These concentrations were also confirmed separately via gravimetric analysis as previously described by Stone and Rowley. 31 Ozone was generated in situ by flowing oxygen through a chamber containing a "pen-ray" mercury lamp, the emitted UV radiation of which photolysed a small amount of the O2 to facilitate the O + O2 (+ M) reaction. This method of producing O3 was calibrated at different flows of oxygen, spectroscopically 2 using UV absorption, as with the Br2 monitoring. The reaction mixture was temperature controlled, to within ± 0.5 K by recycling perfluoroether fluid (Galden HT180) supplied from a thermostat unit (Huber CC180) through a jacket on the reaction vessel.
Initial concentrations of the precursor gases in the reaction mixture were in the ranges The individual flow rates to produce these initial concentrations were calculated to ensure rapid radical formation upon laser photolysis, and a fresh gas mixture for every laser photolysis event.
The radical species BrO and thereafter HO2 were generated using excimer laser flash photolysis (Lambda-Physik CompEX 201) of precursor gases at λ = 351 nm. The laser photolysis rate was such that an fresh flow of gases was initialised in each pule, typically 5 seconds per pulse. Initially, the photolysed Br2/Cl2/O3 in an O2 or air carrier flow generated the precursor atoms Br and Cl:
Subsequently, Br atoms reacted with ozone to generate BrO via reaction (2), whilst Cl atoms reacted with Br2 producing more Br:
which went on to produce further BrO through reaction (2) .
Upon the introduction of methanol, the photolysis of the Br2/Cl2/O3/CH3OH/N2 mixture led to competitive formation of CH2OH radicals, and, in the presence of excess oxygen, HO2:
It was essential that precursor concentrations, listed above, were designed to achieve rapid and stoichiometric radical formation, using the well-established rate constants for reactions (2), (8), (9) and (10). 2 Consequently, this design of initial concentrations also had to take into account pre-photolysis precursor equilibration, specifically that between Br2 and Cl2 to form BrCl.
Given the nature of these experiments, the introduction of Cl2 and therefore the existence of equilibrium (11) meant that the extent of Br radical production upon laser photolysis could not be simply inferred from experiments carried out without chlorine.
Analysis of the Br2/ Cl2 equilibration (11) at the highest levels of chlorine introduced. This had a serendipitous effect of increasing the initial post photolysis concentration of HO2 and therefore the sensitivity of BrO traces to reaction (1) .
Radical Monitoring
BrO radicals were monitored using UV absorption spectroscopy. Light from a xenon arc lamp (Hamamatsu) was collimated and passed through the reaction mixture and focussed into a 0.25 m focal length spectrometer (Chromex) fitted with toroidal mirrors. Spectrally resolved light was then imaged onto the top 31 rows of a 2 dimensional charge coupled device (CCD) array (Wright Instruments). Signal (photocharge) was transferred row by row down the array, out of the illuminated region, to record sequential wavelength and time resolved transmission spectra of the photolysed mixture on kinetic timescales, as shown, specifically for BrO, in our previous studies. 33, 34, 35 Spectra were recorded over the wavelength range λ = 274 -338 nm, at a spectral resolution of 1.1. nm full width half maximum. Typically, 1000 sequential spectra were recorded on a timescale of 50 µs/spectrum.
Analysis of radical production routes
Given a knowledge of the precursor halogen concentrations, taking account of the equilibration between Br2 and Cl2 and the known absorption cross-sections of Br2, Cl2
and BrCl, as shown in Figure 1 , the initial post photolysis radical concentrations were also predicted. This was expressed as a factor δ, defined as the ratio of initial [Cl]0 to the total initial radical yield (defined as [TR]0) upon photolysis:
These calculated ratios were examined in a model as a function of the initially admitted 
Spectral analysis
The time-resolved BrO concentrations, [BrO]t, were obtained by fitting a reference spectrum to each of the sequential experimental spectra using the Beer-Lambert law.
This fitting also employed 'differential' spectroscopy whereby an entire BrO spectrum was high pass filtered and fitted to the experimental spectrum. This enabled unequivocal determination of BrO concentrations at each time point, despite the presence of other absorbers, as has been demonstrated in our previous work. 33, 34, 35 The BrO reference spectra were taken from the work of Wilmouth et al. 36 Subtraction of the BrO signal, from fitting as discussed above, showed the clear negative residual absorbance signal (post vs pre photolysis) attributed to ozone loss at short wavelengths (λ = <320 nm). Figure 5 illustrates this, comparing the residual experimental absorbance over λ = 274 -317 nm to that of the literature ozone crosssection, and their clear negative correlation.
Data analysis and results
BrO in the absence of HO2 precursors: the BrO self-reaction
In these experiments, both Br2 and Cl2 were photolysed in the presence of ozone. As shown in Figure 4 (c), this led to the exclusive formation of BrO radicals following reactions (2), (6), (7) , and (8) . Both [BrO]t and the (change in) ozone concentration
[ΔO3]t were temporally monitored pre and post photolysis. An example kinetic trace is shown in Figure 6 . This kinetic behaviour is entirely commensurate with the BrO selfreaction and the catalytic loss of ozone. Accordingly, a full reaction system, as presented in Table 2 , was used to model and fit to these data, also as shown in Figure 6 , and kinetic parameters for the BrO self-reaction were obtained. This dual monitoring enabled both the terminating and non-terminating channel rate coefficients for the BrO self reaction, (3a) and (3b), to be determined. These data are shown in Table 4 and presented graphically in Figure 7 . The Arrhenius expressions obtained from these data were:
Where errors are 1σ, statistical only. These BrO self-reaction data were used in the subsequent analysis of the BrO + HO2 reaction.
Experiments invoking the addition of HO2 precursors led to a reduction in the initial post photolysis [BrO] (Figure (4d) ) and a more rapid loss of BrO, discussed below.
Further, the loss of ozone in these experiments was reduced which implied a reduction in the BrO self-reaction to a terminating channel involving BrO, attributed to reaction (1) . The total loss of ozone measured in these experiments could thus be simply expressed by consideration of the initial kinetic competition for Cl atoms between bromine or methanol and modelling. Given this, it can be shown that:
A plot of (1/Δ[O3]) vs reciprocal methanol concentration compared to observations is shown in Figure 8 , confirming that such a competition for initially formed halogen atoms exists, leading to a terminating reaction for BrO with HO2
The [BrO]t and Δ[O3]t traces were fit to a kinetic model as given in Table 2 , but with the additional reactions, notably (1), correlating the two radical families, as presented in Table 3 . Typical concentration traces and fits are given in Figure 9 . The optimised parameter was k1, using the values for total initial radical concentration [TR]0 and the partitioning factor δ from alternate experiments without methanol as described above.
The kinetic data obtained for reaction (1) are presented in Table 5 . These data are presented in Arrhenius form in Figure 10 .
The temperature dependence for reaction (1) is described by the Arrhenius expression: Table 2 , at T = 298 K and at T = 246 K, then re-optimising the parameters, total radicals [TR] 0 , k 3a and k3b using the same model at the relevant temperature and noting the deviation with perturbation to the model. This process was carried out by halving or doubling each reaction rate coefficient in the mechanism in an iterative manner. The percentage difference between the initial and output (optimised) parameters was then expressed. The results showed that the model, and hence the returned kinetic results, were most sensitive to the rate coefficients for the BrO selfreaction (3a, 3b), as designed. Most other reactions showed insignificant sensitivity.
However, at T = 298 K, the effect of perturbing the rate coefficient of the Br + O 3 reaction
(2) on k 3a and k 3b was ± 8%. The effect of perturbing the Cl + Br 2 reaction rate coefficient (8) was more significant: + 20% on doubling k 8 , and -37% on halving k 8 . Interestingly, the branching ratio was unperturbed by changing rate coefficients for (2) and (8), indicating that the principal sensitivity lay in the initial radical concentrations generated post photolysis. At T = 246 K, sensitivities were very similar, aside from an increase in the effects of doubling k 2 of + 48%, reflecting the negative temperature dependence of this reaction. It should be noted that these perturbations of the input parameter k 2 by a factor of 2 lie well outside of the JPL NASA recommended uncertainties and are therefore upper limits. At T = 298 K, the recommended uncertainty in k 2 is a factor of 1.15, rising to 1.23 at T = 246 K. In similar fashion, the values of k 3a and k 3b were reanalysed by perturbing absorption cross-sections for BrO. In this case, the reported uncertainty of ± 11%, as reported by Wilmouth et al. 36 for
BrO cross-sections was adopted. This led to a near identical perturbation in k 3 , as expected from simple kinetic analysis. Overall, we therefore calculate an additional potential systematic uncertainty of 19% in k 3 at T = 298 K, rising to 27% at T = 246 K.
The BrO + HO 2 reaction (1)
An analogous sensitivity analysis was carried out on a corresponding [BrO] t and Δ[O 3 ] t trace pair using the expanded BrO + HO 2 model (Tables 2 and 3 ) at T = 298 K and T = 246 K.
The results are shown in Figures 11(a) and 11(b) , respectively presented as percentage differences for k 1 obtained after reanalysing a characteristic dataset with perturbed input parameters by a multiplicative or divisive factor of 2. Only the principally sensitive reactions (those resulting in > 5% deviation in returned values of k 1 ) are shown. In similar fashion, sensitivity to initial concentrations of precursor gases was considered. Here, the principal factor was the methanol concentration, which, if halved in the model led to a 25% increase in the returned value of k 1 . By contrast, changing the O 3 concentration analogously led to changes in k 1 of within 7%. Finally, perturbation of the BrO absorption cross-sections was investigated, analogous as in the study of reaction (3) . Here, the sensitivity parameters were near identical to the reported factor of 1.11 uncertainty in σ BrO . Such an extensive sensitivity analysis was necessary to ensure that the radical formation routes were well characterised and that the flux through the BrO + HO 2 reaction had been maximised. The kinetic uncertainty factors, as with the study of reaction (3), were somewhat greater than those actually recommended by JPL NASA 2 and IUPAC. 37 Thus, these parameters were subsequently scaled down according to the reported uncertainty parameters and combined in quadrature with uncertainties in other parameters discussed above. This led to an overall additional potential systematic error in k 1 of 21% at T = 298 K, rising to 41% at T = 246 K.
Discussion
Comparison with previous studies
The BrO + BrO reaction (3) Both channels of the BrO self-reaction have recently been studied extensively using the current apparatus as a function of temperature. 34, 34, 35 The experimental conditions chosen for the present study were similar, the only difference being the use of Cl 2 in the present work as an extra source of Br atoms via the reaction of Cl with Br 2 (8) . Therefore the results of the current work are compared to the more comprehensive and extensive study of Ferracci et al. 33 Figure 7 (a) shows that the overall rate constant at T = 298 K obtained for reaction (3) values for k 3b in this work than previously reported, hence a decreased branching ratio towards reaction (3a) than previously reported from this laboratory, albeit one well within the current JPL NASA reported uncertainty for this reaction. Importantly, the use of k 3 as obtained in this work did not perturb however determinations of k 1 , as evidenced by the sensitivity analyses discussed above. Further, k 3 was near identical in experiments conducted before and directly after the intervention of HO 2 precursors.
The BrO + HO 2 Reaction (1)
The ambient (T = 298 K) temperature values of k 1 derived in this work and other kinetic studies of reaction are shown in Figure 12 . There is a clear divide between studies that agree on a value of k 1 around 2 × 10 -11 cm 3 molecule -1 s -1 and those closer to 3 × 10 -11 cm 3 molecule -1 s -1 . This work reports values in between the two but is closest in agreement with the values reported by Bedjanian et al. 25 The effect of methanol on the HO 2 self-reaction and how this is accounted for also has a potential impact on the experimentally retrieved rate constants for reaction (1) . However, the overall effect on the values of k 1 arising from these differences in approach appears to be small as indicated by their general agreement and the sensitivity parameters discussed above.
All the other studies of BrO + HO 2 were carried out at low pressures and, apart from The remaining studies discussed below all measured the temperature dependence of reaction (1) . For clarity, only the parameterisations of the kinetics of previous studies are shown with the experimental data from this work in Figure 13 . This confirms the negative temperature dependence of the BrO + HO 2 reaction.
The determination of k 1 as a function of temperature was first carried out by Larichev et al. 21 However it is superseded by the study of Bedjanian et al. 25 conditions to all previous temperature dependence studies aside from temperature, lends support to a larger room temperature value of k1 but a slightly weaker temperature dependence than that previously reported. This is in accordance with computational studies also supporting an apparent lack of pressure dependence for reaction (1) when comparing this work to the previous low pressure studies. Further, the branching ratios inferred from the loss of ozone imply that reaction (1) proceeds principally through channel (1a) at all temperatures.
Conclusions
Reaction (1) with those carried out at low pressures implies a minimal pressure dependence for this reaction. It is clear that reaction (1) may therefore play a key role in both tropospheric and stratospheric ozone loss processes, as already illustrated through model studies. 4 The rate constant we report is: Red squares are data inferred from spectroscopic fits. 
Cox and Sheppard18
Poulet et al. 19 Bridier et al. 20 Larichev et al. 21 Elrod et al. 22 Li et al. 23 Cronkhite et al. 24 Bedjanian et al. 25 Bloss et al. 26 
IUPAC
